This paper presents several experiments demonstrating the need for a more nuanced picture of electromigration (EM) than that of a fixed critical junction temperature at which EM onset occurs. Our data suggests that even for a fixed cross-sectional geometry the critical junction temperature for EM, T c , varies with environmental temperature, thermal resistance of adjacent regions, and even the direction of the current flow in asymmetric structures. We have performed feedback-controlled EM on nanowires at environmental temperatures between 75 and 260 K and fit the EM onset points with a constant junction power model. We find that average fit critical power is monotonically increasing with decreasing temperature, but is decidedly nonlinear at lower temperatures. We extract and compare the corresponding T c values using several different thermal models which utilize measured values of nanowire thermal conductivity for our devices: these models all agree on a moderately increasing T c with decreasing environmental temperature. This is tentatively explained by enhanced current-driven annealing on the voltage ramp prior to EM onset which decreases structural scattering, thereby increasing the critical temperature at which wind-force-driven hopping events will achieve a critical atomic flux. We also obtain fit critical power for a series of bowtie structures of identical constriction but varying adjacent thermal resistance (R th ), and estimate that T c in the constriction varies with R th for higher resistance structures. Critical power measurements on a second series of asymmetric bowties further suggests that T c also depends on the alignment of the electron flow with the temperature gradient at the constriction.
Introduction
It is long established that when sufficiently high current densities are driven through a metal structure a non-random atomic migration is induced. This phenomenon of electromigration (EM) has historically caused problems of void and hillock formation in interconnected circuits [1, 2] . However in the last two decades EM has also been productively harnessed for applications such as resistive switches [3, 4] , nanogap based biosensing [5] and most commonly single molecule nanogap junctions [6, 7] .
The fundamental mechanism for EM is thermally activated migration of atoms, which occurs under forces that directionally lower the energy barrier for hopping events. The so-called electron wind force is the most dominant of these, and arises from the transfer of the field-induced momentum of electrons to the nuclei via scattering events [8, 9] .
EM of nanowires initiates at the location of highest divergence of atomic flux, which depends on the spatial profile of temperature, current density and scattering crosssection. As mass is displaced from that location, the wire necks in to increasingly small diameter over a length of order 10 nm [10, 11] . This short region of the wire is known as the 'junction'. Due to the positive feedback effects of increased local temperature and current density, the junction continues to narrow with virtually no morphological changes to the wire at any other location. Feedback controlled electromigration (FCEM) algorithms that dynamically adjust the bias across the device are necessary to prevent catastrophic thermal runaway during this process [12, 13] .
A simple circuit model for this physical picture entails three resistances in series: a fixed external and on-chip resistance R L (T), the resistance of the nanowire outside of the junction, R W (T, I), which can vary due to Joule self-heating, and the junction resistance R J (T, I, t), which increases as the wire narrows and can also vary with self-heating. However the most common experimental probe for FCEM is the total resistance, and it is standard to ignore self-heating considerations and assume R t R t tot J D = D ( ) ( ) as EM proceeds. An open question for practitioners of FCEM has been the temperature at which EM onset is achieved in metal nanostructures. Is EM across a variety of nanostructures well described by some constant critical temperature, T c , and does the temperature of the junction change as EM proceeds? For single molecule junction applications this issue is particularly relevant as self-heated wire temperatures may be high enough to desorb or even decompose organic molecules.
Directly interrogating temperature during the EM process has proven extremely difficult. Jeong et al have recently employed in situ UHV-SThM to measure temperature adjacent to the junction during EM of 225 nm diameter wires, finding it to be significantly lower at T env =100 K than at 300 K [14] . However this measurement was not directly at the EM junction location and furthermore the large-diameter wires may experience a different EM mechanism than smaller scale nanostructures, such as an enhanced role of void or grain boundary movement.
Some researchers have found that EM critical currents scale with cross-sectional area in a way that supports the concept of a fixed T c under a simple thermal model of the wire [15] , while others have observed critical current trends that cannot be explained in terms of a constant T c [16, 17] . In all these works, relating wire cross-section to critical temperature is complicated by the strong dependence that nanowire resistivity and thermal conductivity [18, 19] and substrate heat-sinking [20, 21] can have on nanowire geometry.
Several previous studies have estimated temperature prior to EM onset from the increase in wire resistance due to the temperature-dependence of resistivity [22] [23] [24] [25] . These works generally agree on onset temperatures in the range of 300 to 550 K. Only one study to date explicitly assessed the effect of varying T env [26] and found that the inferred T c has a significant non-monotonic dependence on T env , although their data suffer from weak statistics and they rely on a highly simplified thermal model.
Here we present several experiments supporting the need for a more nuanced picture of EM than that of a fixed critical junction temperature. We perform FCEM on a variety of nanostructures at variable temperatures and we employ the power dissipated in the junction as an indirect probe of T c . Our data suggests that even for a fixed cross-sectional geometry the junction temperature for EM appears to vary with environmental temperature, thermal resistance of adjacent regions, and even the direction of the current flow in asymmetric structures.
Experimental methods

Device design and fabrication
Using an electron-beam lithography process we fabricate topdown, ultrathin (22 nm) gold nanostructures with no adhesion layer atop a thin (22 nm) high quality thermal SiO 2 plus thick Si handle. For this work we utilize wire geometries of 50 × 400 nm and 30 × 400 nm, and various bowtie geometries with constrictions roughly 20 × 25 nm. As shown in figure 2 , in the active region of each device a thin gold nanowire or nanoconstriction is bookended by large triangular contact areas, which are overlapped by a 100 nm thick Ti/Au contact layer that rapidly tapers out to the wide on-chip vias.
In bowtie structures the self-heating temperature decays extremely rapidly outside of the patterned constriction and so EM is almost always initiated at the center point. In longer wire geometries we observe that EM is often initiated not at the hottest point of the wire (the midpoint) but closer to the contacts where the temperature gradient is larger, as shown in the SEM inset of figure 2.
FCEM algorithm
We use a Keithley 2400 SMU with source-readback enabled to source a variable voltage across our devices and monitor the current. We ramp the voltage across the device in 1 mV increments and look for a rapid or substantial increase in the calculated resistance as compared to R tot at the beginning of the ramp; this indicates that EM has narrowed the junction and increased R J . When such an event is detected the voltage is immediately reset down to approximately 80% of its present value to halt the EM, then ramping begins again. This process repeats until the total resistance reaches some desired set value, ΔR J ≈200 Ω for this work. Typical traces of (V(t), I(t)) generated by our FCEM algorithm at different temperatures are shown in figure 3(a) .
We index the ramp cycles by superscripts: during the kth ramp we calculate values for R I tot k ( ) ( ) , and at the onset point of EM we have a critical onset current I c k ( ) . Because of the activated (exponential) nature of the migration process, EM is only occurring during the last fifteen or so data points (approximately 15 mV or 225 ms) on any ramp cycle before the control scheme is triggered.
Constant critical power model
As researchers began harnessing FCEM for nanogap creation, an empirically driven model arose that describes EM in the low-R J (diffusive) regime very well [12, 13] . The crucial observation of the model is that as EM proceeds and R J grows, the onset of migration seems to occur at points (V c , I c ) which correspond to the same constant critical power dissipated in the junction.
The constant power model we use has two free parameters: the critical junction power, P c , and the initial junction resistance, R J 0 ( ) , which is the resistance presented by the ≈10 nm long wire segment which will undergo significant narrowing. The model is fit by minimizing the sum of squared residuals between the measured (I c ) and predicted (I ĉ ) critical currents for all the EM onset points in a trace, where Figure 3 (b) illustrates fitting this model to EM onset points for a set of devices at different environmental temperatures. The precise voltage points depend on what EM speed is considered to be true onset [27] , but in practice ignoring this consideration does not significantly alter the onset points. Because of the strong positive feedback in both current density and heat dissipation in the junction as it narrows, EM at the nanoscale is a strongly activated process: negligible below some threshold voltage and rapidly accelerating beyond that voltage. For instance, in very slow voltage ramps we observe that the EM rate in our nanowires transitions from effectively zero to extremely rapid over a span of only 10 mV or so.
In the literature it is common to fix R 0
Ω in fitting equation (1) so that the model has only one free parameter.
However, given the high resistivity of nanowires with diameters in the few-10s of nm range, the ≈10 nm long initial wire segment which will become the junction region can actually present non-negligible initial resistance on the order of 10 Ω or more. It becomes increasingly important to allow Figure 2 . AFM image of a typical nanowire illustrating the thin gold active layer and thick Ti/Au contact layer (left). SEM image of a typical nanowire with inset zoomed in to an electromigrated break in a similar device (right). Note that in the text we typically refer to nominal aspatterned wire diameter which can differ slightly from the as-fabricated values estimated by SEM, e.g. 50 versus 53 nm. for this additional parameter if many of the data points for fitting lie in the early EM phase where R J is relatively small and errors in R J 0 ( ) can have a large effect. For example, using the initial resistance of the full length of wire and the effective EM junction length obtained from SEM inspection, we estimate that R J 0 ( ) can be as large as 10 Ω for our 50 × 400 nm wires. As can be seen from the plotted values in figure 3(b) , this would represent a significant systematic error in a large number of our data points.
It is also common in literature to ignore issues of wire self-heating in extracting junction resistance, however inspection of the initial voltage ramp in our FCEM data reveals non-negligible increases of up to 10 Ω above the unheated value. For computing small ΔR J in early EM we improve the approximation by subtracting not the unheated initial resistance but rather the total resistance on the ramp just prior to any EM onset i.e. the maximally heated intact wire resistance. Once ΔR J grows large enough the error introduced by using a single set value of R (0)
, whether the maximally heated or unheated value, becomes less significant.
Results and discussion
Critical junction temperature in nanowires
We have executed FCEM at variable environmental temperatures on two long wire geometries (50 × 400 nm, 30 × 400 nm) and two very short wire geometries (50 × 60 nm, and 30 × 60 nm). The average fit critical power as a function of temperature for each geometry is shown in figure 4 . In contrast to a previous report which had fewer temperature points and larger error bars [26] , we find the data is decidedly nonlinear over this temperature range.
As the environmental temperature drops from 240 K, P c first increases linearly, then flattens out around T env =150, and finally begins to increase again around 95 K for all but the 30 × 400 nm wire. The two short wires behave more similarly than the two long wires, suggesting that diameter has less impact on the critical power for bowtie-like geometries.
By positing an appropriate thermal model, the fit critical power data allows us to investigate how the onset temperature of EM depends on environmental temperature. A closely related question is whether constant P c corresponds to a constant T c as EM proceeds and the junction narrows. Below we discuss three candidate thermal models, diagrammed in figure 5 , wherein the junction acts as a heater of power P c .
The simplest approach is that previously taken by Xiang et al [26] which utilizes the one-dimensional, steady state, heat transfer equation on half of the nanowire (from contact to junction) and ignores any changing cross-section of the junction. The right boundary receives an input power per unit area from junction self-heating, p, while the left boundary is pinnned at the environmental temperature, T env . Joule heating in all regions other than the junction is neglected, as is heatsinking to the underlying substrate. The thermal conductivity k (T) is taken as that of bulk gold and the length of the nanowire, Δx, is allowed to expand and contract linearly with the T env .
In previous work [28] we have measured the temperature-dependent values of resistivity, thermal conductivity and Lorenz number for our 50 × 400 nm wires, as well as thermal conductivity of our thin SiO 2 substrate. For both the metal nanowire and the thin oxide we have found bulk values to be extremely poor approximations. Therefore we can follow the same approach as Xiang et al but substitute our measured values for the nanowire κ=κ n , and also simplify the model by ignoring any temperature-dependence of the nanowire length. Our naïve one-dimensional model then predicts the critical temperature will obey
As expected for a fully one-dimensional approach, the relationship for T c has no dependence on R J or the junction area, so it predicts a constant T c as EM proceeds and the junction necks down under constant power.
A more sophisticated one-dimensional thermal model was derived by Hunley et al to describe DC self-heating of a nanowire under a uniform current density, allowing for heat spreading into the metal contact regions and the underlying substrate [21] . As detailed in appendix A, we can modify their model to a highly localized heating source term: a Gaussian with an integrated power equal to P c , centered at x 0 and having a spatial extent quantified by the standard deviation, σ. Compared to the naive one-dimensional approach above, this accounts more accurately for heat flow both along the wire and to the substrate, and allows for arbitrary junction location along the wire, however it will also predict a constant T c regardless of the changing junction geometry during EM.
A third commonly cited model [10, 29] describes the equilibrium temperature, T J , of a diffusive metallic constriction with a voltage V J across it as [30]
where L is the Lorenz number, which we supply as our measured values for 50 × 400 nm wires, and V J is the voltage across the constricted junction. This model is derived from the classical theory of contacts and assumes the WiedemannFranz relation between electrical and thermal transport. In this case T 0 is the temperature at the edge of the constriction, and so we can only take this as T env if we ignore all additional self-heating in the nanowire. Naïvely, ignoring this background temperature consideration, this model would predict an increasing junction temperature as R J grows. Using the critical power data for the 50 × 400 nm wires, figure 6 extracts the resulting junction critical temperatures versus environmental temperature from the three different models discussed. We also include for comparison the original approach of Xiang et al which uses k bulk (T) rather than the much lower true k nw , resulting in an erroneously low inferred T c . In metal at these temperatures thermal energy is transported primarily by electrons, thus the nanowire's enhanced structural scattering on grain boundaries and interfaces strongly suppresses the ability for the nanowire to transport heat along its length to the contacts.
The three models generally agree on a moderate increase in junction critical temperature with decreasing environmental temperature. This suggests some more complex interaction with the temperature gradient or current density, both of which will vary with T env , is necessary to fully understand EM onset. An explanation for this trend may lie with morphological changes in the wire prior to the EM that are induced by the high current densities needed to drive self-heating at lower T env . Microstructural annealing of metal nanowires under high current is a well known process that can ultimately decrease electron scattering rates (and thus the electron wind force) by healing defects and merging grains [31] [32] [33] [34] [35] . It is possible that as T env drops and the critical currents necessary to sustain elevated temperatures increase, the wire become increasingly hardened against EM by current annealing on the ramp prior to EM onset. We note that in this case our extraction of T c utilizing our measured values of κ n (T) will not be completely appropriate as we expect κ n to also change under annealing.
Critical junction power of symmetric nanobowties
We have also performed FCEM at 95 K and fitting with the constant power model on a series of five symmetric bowtie structures, depicted in figure 7(a) . As confirmed by SEM, the bowties all share a similar constriction region of ≈20 × 25 nm, but are designed with varying degrees of heat sinking in the adjacent fan-in region. We have quantified the degree of heat sinking by calculating the thermal resistance, R th , as described in appendix B, and figure 7(b) plots the fit critical power values as a function of this calculated R th .
If the left boundary of the fan-in is at T env then the input power at the constriction needed to sustain a fixed T c at the constriction should vary linearly with R th . The lower thermal resistance devices appear to follow this linear trend, but there is a deviation to higher junction power with increasing R th . One explanation of this lies with the role of the current density in sustaining atomic migration. For low-resistance structures a very large current density is needed to sustain T c and so all thermally activated atoms are quickly pushed out of Figure 6 . Junction critical temperatures versus environmental temperature extracted from four different thermal models based on fitted critical power data of 50 × 400 nm wires. Contact theory predictions are taken at R J =150 Ω where we posit that background wire self-heating can be more safely ignored. The Gaussian local source model uses free parameters x 0 =100 nm and σ=3 nm (effective junction length of ≈12nm), chosen based on SEM inspection of our devices. the junction by wind force scattering events. As R th increases the junction self-heats much more readily and the critical current density decreases significantly as shown in the inset of figure 7, so we transition to a regime where although the selfheating reaches T c the wind force scattering is not sufficient to induce a rapid rate of directional atomic hopping events.
Critical junction power of asymmetric nanobowties
Finally, we have performed FCEM at 95 K and fitting with the constant power model on a series of asymmetric bowtie structures (plus symmetric control), depicted in figure 8(a) . These devices all have varying degrees of heat sinking in the left fan-in region, thus when EM is initiated at the constriction the temperature profile in the immediate vicinity of the junction will be asymmetric due to the significant differences in heat sinking between the two sides. Figure 8 (b) plots the fitted junction critical power per area for the four different geometries, split by the direction of current flow relative to the asymmetry. For this data set we have normalized the power by SEM estimates of average contriction cross-sectional area, as the ebeam dose needed to be optimized separately for each pattern and consequently the constriction geometry varied somewhat by asymmetry group.
A conventional microscopic picture of EM which emphasizes a critical temperature in the junction does not predict any effect from the direction of current flow through the constriction. However for all our asymmetric structures we find that the critical power is lower when the wind force (electron flow) is toward the colder side of the junction. This perhaps suggests that as mass is ejected from the junction in the direction of the electron wind force, a competing thermomigration backflux can measurably dampen the net flux out of junction [36] . When this downstream region is cooler, the backflux is more effectively frozen out.
We expect the most asymmetric geometry, A3, to exhibit the largest difference between the aligned and antialigned directions. However, as confirmed by SEM, we observe that the A3 geometry so effectively heat sinks the patterned constriction that EM is instead initiated at a point further in along the narrow fan-in where the thermal gradient is less pronounced.
Conclusion
The concept of a fixed critical junction temperature at which EM onset is achieved appears to be too simplistic to describe observed EM behavior in gold nanostructures. Even for a fixed cross-sectional geometry of the electromigrated region, the junction temperature for EM seems to vary with environmental temperature, thermal resistance of adjacent regions, and even the direction of the current flow in asymmetric structures. A more nuanced quantity of interest, such as critical net atomic flux from the junction, is likely needed to give a more physically correct picture.
From critical junction power measurements on nanowires, we find that three different thermal models (which utilize actual measured values for thermal conductivity and Lorenz number of our nanowires) all agree on a modestly increasing EM onset temperature with decreasing environmental temperature. This suggests some more complex interaction with the temperature gradient or current density, both of which will vary with T env , is necessary to fully understand EM onset. We hypothesize that as T env drops and the critical currents necessary to sustain elevated temperatures increase, the wire becomes increasingly robust against EM due to current-driven annealing on the ramp prior to EM onset. This annealing has the effect of decreasing structural scattering events which lowers the electron wind force, thereby increasing the critical temperature at which windforce-driven hopping events will achieve a critical atomic flux. Future work should specifically probe the process of annealing through both careful resistance measurements and morphological characterization prior to initial EM onset. For single molecule junction applications with temperature-sensitive organic molecules, we suggest that the maximum temperature under FCEM of these devices might in fact be controlled by breaking at temperatures closer to ambient than liquid Helium (as is common).
Based on FCEM experiments with nanobowties, we suggest that for structures with good heat sinking and correspondingly high critical power EM might be thermally controlled by a critical temperature in the sense that elevated high-atomic-mobility temperatures are only achieved at current densities so large that all thermally activated atoms are immediately and effectively scattered out of the junction by the wind force. However for high thermal resistance structures, the interplay between current-driven heating and current-driven wind force scattering may become more complicated. We also observe that a competing backflux into the junction from the adjacent region downstream of the wind force can have a measurable effect on the temperature for EM onset, and should be accounted for in a complete microscopic picture of EM in nanostructures.
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Appendix A. 1D heat equation with Gaussian heat source
Hunley et al have derived an approximate steady state heat equation governing excess temperature, T e , due to self-heating of a nanowire under a uniform current density. They allow for both heat spreading into the metal contact regions and the underlying substrate and define their equation piecewise over the wire, near-contact and far-contact [21] . Below we modify their approach to instead use a highly localized Gaussian as the heating source term.
The physical model comprises a narrow metal wire connected to much larger pad regions, defined on a thermally insulating layer atop a thermally conductive back gate at ambient temperature (the thick Si handle of our chips). We define the following quantities: W and τ n are the wire diameter and thickness. κ n , and κ ox are the thermal conductivities of the nanowire and oxide and d is the thickness of the oxide. The x axis points along the length of the nanowire, which is centered around x=0.
For a localized Gaussian source varying along the x axis, in the energy conservation equation the heat energy per time generated in a volume element of length dx is
where x 0 is the location of the hot spot junction and σ quantifies the extent of the hot spot. The prefactor A is determined by the constraint that integrating this heat energy per time term over all space should give the empirically measured junction critical power P c . Since an extent of 2σ to either side of the Gaussian peak will cover 95% of the mass, we can interpret the effective length of the junction to be ℓ≈4σ. With this source term, properly normalized, the approximate steady state heat equation inside the nanowire is The differential equations and their solutions governing the near-contact and far-contact are identical to those obtained by Hunley et al for the uniform heating case because there is still effectively no heat generated in the contact due to the rapid decay of the gaussian source term. The full solution is given piecewise over five regions, with values of the constants in all five regions determined by the requirements of smoothness and continuity at each boundary.
Thermal resistance, the reciprocal of thermal conductivity, is the ability of a material to resist the flow of heat and is measured in Kelvin per Watt. For a thin plate with thickness t and area A made of material with thermal conductivity k, the thermal resistance presented under a small ΔT across the two faces of the plate is R th =t/(kA). Thermal resistances in series are additive, so that for a smooth structure with spatially varying cross-section A(x) between x=0 and x=ℓ the total thermal resistance presented is R dx kA x . For the value of k we take a literature estimate of thermal conductivity of a 37 nm thick polycrystalline Au nanofilm [37] . The same work suggests there should not be significant differences between the values for 37 nm and our actual 22 nm thickness.
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